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Abstract

The purpose of this study is to enhance the accuracy of direct power/torque control (DPC/DTC) applied to back-to-back converters
supplying a doubly fed induction generator (DFIG) based wind power system. Two solutions are proposed. The first one is to increase
the degree of freedom of the DTC and DPC control by implementing three-level back-to-back converters. Fuzzy logic control is
the second solution to enhance the performances of both conventional direct power/torque control, leading in a decrease of the
DFIG's torque/flux ripples and the active/reactive powers ripples supplied by the grid side converter, consequently, reduce the grid
currents' total harmonic distortion (THD). The MATLAB/Simulink environment is used to evaluate the wind power generation system
performances. The collected findings show that the fuzzy direct control (FDC) technique outperforms conventional direct control (CDC)

when used for two-level back-to-back converters.
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1 Introduction
Wind turbine (WT) is quickly becoming a favorite renew-
able power source, thanks to a set of merits, such as avail-
ability and eco-friendly nature. The wind energy conversion
system (WECS) allows reducing greenhouse gas emis-
sions [1-3]. The WECS based on a doubly fed induction
generator (DFIG) is now the most frequently utilized in
wind farms; it can operate in different modes with variable
and wide speed range. Since low power converters are used
on the rotor side, the power losses are minimized [4, 5].
The DFIG's rotor side control is characterized by control-
ling two back-to-back converters. The grid-side converter
(GSC) manages the DC-link voltage and reactive power of
the given rotor, while the rotor-side converter (RSC) regu-
lates the generated active and reactive powers [6, 7].
Vector-oriented control (VOC) is the conventional
method used to control DFIG, using proportional inte-
gral (PI) regulators [8, 9]. This approach offers good sta-
tistics through the presence of an internal current loop,
and low powers ripples transited to the grid [10]. However,
it presents a slow transient response and is sensitive to the
system's parametric variations, qualified as a non-robust
method, which limits its use [11]. The direct control (DC)

technique is an alternative to the VOC. A direct torque
control (DTC) directly regulates the DFIG rotor flux and
the electromagnetic torque. On the other hand, direct
power control (DPC) system is designed to directly track
the grid's active/reactive powers references.

The DTC can be easily set up because there is no pulse
width modulation (PWM) block, and it is robust to the
parametric variations [7]. However, this control suffers
from the ripples generated by a variable switching fre-
quency and switching losses caused by hysteresis control-
lers. In [12], a comparison of VOC and DTC applied to
doubly fed induction motor is performed and a slow tran-
sient response is observed with VOC. Moreover, the torque
ripples are more important with DTC.

Several approaches have recently been taken to increase
the DC performances. They are applied to the two-level (2L)
back-to-back converter in the DFIG by incorporating other
techniques [13]. For the GSC control, several methods have
been tested to reduce the variation of the DPC switching fre-
quency [14-16]. In [14], a new DPC technique is proposed.
This one doesn't require the use of phase-locked loop (PLL)
and Park transforms for active/reactive powers control. It is
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done by PI controllers. However, the PWM block is still
used and the control model depends on the system param-
eters. In [15], DC-link voltage variations have been mini-
mized, nevertheless, variations of the grid parameters have
an impact on the suggested control model. In [16], authors
present a control technique, that combines the benefits of
VOC and Virtual Flux DPC (VFDPC), based on the GSC
active/reactive powers expressions. Yet, the use of an addi-
tional PI controller, compared to VFDPC, increases the
sensitivity to parametric variations. In addition, the reg-
ulation of the GSC currents using hysteresis controllers,
which impose a variable switching frequency and consid-
erable ripples. On the other hand, several approaches for
improving RSC performances have been proposed [17, 18].
Ayyarao [17] propose the enhancing of torque and flux per-
formances by using sliding mode control (SMC). However,
the chattering phenomenon is still encountered. In [18], the
authors propose a fixed switching frequency control strat-
egy. However, this control strategy based on PI controllers
which is sensitive to DFIG parametric variations.

Nowadays, artificial intelligence is of great interest in the
field of automation and industrial process control. In [19],
torque and flux ripples were minimized by artificial neu-
ral network (ANN), but the control implementation is very
tricky. A fuzzy logic controller (FLC) is a control strategy
that emulates human reasoning, it has various advantages,
such as inexpensive to develop, easy to grasp, and it can han-
dle complex non-linear systems [20]. In [21, 22], a consider-
able improvement in flux and torque ripples were recorded
in the DFIG by the DTC fuzzy switching table. Another pos-
sibility to improve the DFIG controls performances is to act
on the power converter. The two-level converter is affected
by several problems, among them low PWM switching fre-
quency and high switching losses [23]. Moreover, the out-
put voltage level is limited, which directly affects the sys-
tem performances. The use of multilevel converters seems to
be an interesting solution. Among them, the three-level (3L)
converter is an appropriate solution in terms of performances
and investment cost [24]. In [25], torque and flux ripples
in the DFIG were mitigated thanks to the three-level inverter
flexibility. The control techniques proposed in [21-23] show
satisfactory performances, torque/flux ripples minimization
with fast and accurate response, easy implementation and
robustness against parametric variations. Nevertheless, the
global wind energy conversion system control remains insuf-
ficient, because the GSC control is neglected.
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The following are the paper's main contributions:

* A comparison between two methods allowing the
DFIG performances improvement by acting on the
type of the RSC converter or its control method
(a three-level inverter controlled by a conventional
DTC (3L-CDTC) versus to a two-level inverter con-
trolled by a fuzzy DTC (2L-FDTC));

* DFIG continuous control in three distinct oper-
ating modes (synchronous, sub-synchronous and
super-synchronous);

* The GSC controlled by a fuzzy switching table
based DPC.

The rest of this paper is laid out as follows: Section 2 pres-
ents and models the WT-DFIG. Section 3 introduces the prin-
ciple of conventional and enhanced DTC. Section 4 discusses
how an improved DPC can control the GSC. Section 5 pres-
ents the simulation results performed on MATLAB/Simulink
environment and discussions. Section 6 concludes the paper.

2 Modeling of the studied WT-DFIG system

Fig. 1 depicts the overall wind power conversion system for
the DFIG driven by the conventional direct control (CDC)
applied to three-level back-to-back converters. Fig. 2 illus-
trates the DFIG controlled using the direct control, enhanced
with a fuzzy logic approach.

2.1 WT-DFIG modeling

The wind's kinetic energy is transformed into mechani-
cal energy by the WT which is recovered from the rotat-
ing shaft. The mechanical power on the turbine shaft is
expressed by Eq. (1):

1
P,=E-Cp(l, B)-p-S-v., M

where Cp, p, S, and v _are respectively power coefficient,
air density, circular sweep of the turbine and wind speed.
The power coefficient of the WT used is determined by

Eq. (2):
C, =0.5-sin(7 (2 +0.1)/18). 2)

The slow turbine speed is adapted to the DFIG speed
using a gearbox, as given by Eqgs. (3) and (4) [26]:
T
T =-—L
"G . ©)
Q =Q-G
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Fig. 2 Structure of WT-DFIG control by 2L-FDC

Equation (4) gives the wind turbine dynamic model,

where J represents the system's total inertia and f, rep-

resents the friction coefficient:

dQ,
dt

JEm e fQ =T, T

em*

@

The DFIG dynamic model in the d-q synchronous

frame is described by Eq. (5) [27]:

d¢
V =Ri,+——% @ ¢
sd stsd dt .\(b.xq
d¢
_ . 5q
sq Rsl.s'q + dt +a)x¢sd
. d¢rd ’
I/rd :errd + dt _wr rq
d¢
_ . rq
L, =R, + & +0.9,

®)



where V, Ve and V , v, are respectively d-q stator and

rotor voltage components. i, i, and i i, are respectively

rd’
d-q stator and rotor current components. The stator and
rotor electrical pulsations are respectively w and w . R, R,
are the stator/rotor phase resistances.

The DFIG magnetic flux equations as a function of sta-

tor/rotor current are given by Eq. (6):

¢3d = LS i:d + Mird
¢, =Li, +Mi,
¢rd = Lrird + Misd
¢ =Li +Mi
rq rrq sq

©)

where L and L_are respectively the stator and rotor phase
leakage inductances and M the mutual.

2.2 Algorithm for maximum operating of wind turbine
An optimal operating in WECS is very important.
The MPPT algorithm enables to optimize the power
extracted from the wind and thus to enhance the conver-
sion efficiency [9]. The power coefficient Cp has a para-
bolic shape. It admits a maximum at the optimal speed
ratio 4, , as presented in Fig. 3.

The MPPT algorithm generates the reference of electro-
magnetic torque; the speed ratio is kept at its optimum /lopt
and the power coefficient at its maximal value Cp—max‘

The electromagnetic torque reference is calculated as
follows in Eq. (7) [28]:

7, =Lte PR ™

em—ref ' p—max 3 3 v
2 G

3 DTC control of RSC
The DTC control is competitive with conventional meth-
ods [7], it allows direct control of DFIG's torque and flux.

0.6 T T T T T T T T

0.5

0.4

Fig.3C, (4, p) characteristic for = 0°
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Its main principle is to select an appropriate voltage vec-
tor that compensates the rotor flux and electromagnetic
torque errors, without their eventual measurement. Fig. 4
depicts an example of the voltage vectors selection when
flux is positioned in the second sector.

The rotor flux magnitude is obtained using (¢, , ¢rﬂ)
components, as follows in Egs. (8) and (9) [21]:

$,(D=](V,, ~ R, )dr
’ : (8)
4, (D) =[(V.y Ry )dt

N ©

The rotor current components, the flux (¢, , ¢rﬂ), and
pair pole number ( p) can all be used to calculate the elec-
tromagnetic torque (Eq. (10)) [15]:

T = (Bl ~ i) (10

The improvement of DTC performances is done by first
acting on the inverter (DTC with three-level inverter),
then the fuzzy logic concept is employed for the enhance-
ment of the DTC control (FDTC with two-level inverter).

3.1 Conventional DTC with three-level inverter
Fig. 5 depicts the three-level NPC converter structure.
The voltage between phase and neutral can have three
voltage levels, depending on the selection of the quarter
switches of each leg. Two switches on each leg support
half of the DC-link voltage, thus reducing voltage and
power losses. In contrast to the two-level inverter, the
entire DC-link voltage is supported by a single switch.

@ constant ¢ increase
T,m increase T,m increase

i @ decrease ¢ increase
i T,y increase T.m decrease

¢ decrease ¢ constant
Tem decrease

T,m decrease

Fig. 4 Voltage vectors selection to compensate the flux and torque error
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Fig. 5 Schema of three-level NPC inverter

The following matrix represents the three-level inverter
mathematical model, where V, , V, and V are the rotor
phase voltage, U, . represents the DC-link voltage and S,
are the switching states of inverter (Eq. (11)):

Vm U 2 -1 -1 SHSIZ _S13S14
V,|==2-1 2 -1||8,S,,-S,,5,, (11)
V, -1 -1 2 S5183 = 85385,

The three-level converter advantages over the two-level
one in DTC control is that its spatial representation of the
voltage vectors has three hexagons, as shown in Fig. 6, which
provides a large degree of freedom in DTC control of DFIG,
which improves THD by lowering torque and flux ripples.

The rotor flux control is provided by a three-level hys-

»

Fig. 6 Voltage vectors delivered by the three-level converter

constant and increase the flux respectively, while the elec-
tromagnetic torque control is provided by a five-level hys-
teresis comparator (—2, —1, 0, 1, 2), this means decrease
more strongly, decrease less strongly, keep constant,
increase less strongly and increase more strongly the
torque respectively.

The converter's switching vector is deduced by the
states of the flux and electromagnetic torque controllers,
including the rotor flux position, as shown in Table 1.
The sector numbers are determined according to Eq. (12):

- T T T
teresis comparator (—1, 0, 1) this means decrease, keep E + (” _1)g <N, < E + (” - 1)g (12)
Table 1 Three-level inverter DTC switching table [26]
Sectors
He o N N, N, N N, N N, N N, N N N
1 2 3 4 5 6 7 8 9 10 11 12
+2 21 16 I/Z2 17 23 ‘/IX I/24 I/lg 25 V20 26 15
+ 2 A A T A T A A N
+1 0 Zero vector
-1 Ve W a A A T A T Ve %,
-2 Ve Ve Ve Ve Ve Ve WV Ve Ve Ve VW
+2 I/22 I/17 I/23 I/IS I/24 I/l() I/ZS VZO I/Zé I/IS I/ZI [/16
+ v, v, v, v, . v, V. v, V., v, 4 v,
0 0 Zero vector
-1 Vs v, Vi v, a v, v, v, v, v, v, v,
2 Ve Vo Ve Ve ¥, Ve Vo Vo Ve Ve V.V,
I A A A
+ A A T T T T A e
-1 0 Zero vector
-1 v 25 Ve 2 V, Y v, Y, v, 23 v, Vi
72 I/19 25 V2U 26 I/15 I/EI ’/16 22 I/17 VZS VvlS V24




3.2 Fuzzy DTC with two-level inverter

The analog input information of the hysteresis controller is
coded into digital output. In other terms, the large amount
of information that arrives is converted into a small number
of decisions at the output of the hysteresis controller [22].
This means that the hysteresis controller loses information,
its uses in DTC control results in a control performances
degradation. This degradation is observed by the increase
in flux and torque ripples due to the lack of accuracy of the
strategy used. Fuzzy logic is an effective solution to this
problem. Its principle is to assign to the input variable
a degree of affiliation to the fuzzy sets and, from the fuzzy
rules, the most efficient decision is selected [11].

Fig. 7 presents the fuzzy inputs. The torque error fuzzy
input is made up of three linguistic variables (P: Positive,
Z: Zero and N: Negative). Whereas the flux error fuzzy
input consists of two linguistic variables (P: Positive and
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Fig. 7 Membership functions of the fuzzy inputs; (a) Torque error fuzzy
membership functions; (b) Flux error fuzzy membership functions;
(c) Flux position fuzzy membership functions
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N: Negative). The rotor flux position is determined from
the division of the frame into six fuzzy sectors according
to Eq. (13):

(2n—3)%$0n £(2n—1)%; n=12,..6. (13)

In this control method, the fuzzy controller output is the
switching vector (V—V’) to be used on the RSC. The fuzzy
switching table has 36 fuzzy rules, as depicted in Table 2.

The inference process generates the fuzzy rules based
on the state of the fuzzy inputs. The choice of the appro-
priate voltage vector is based on the Mamdani Min-Max
method. The mathematical concept used by this method is
given by Egs. (14) to (16):

a, =min(py (e, ), 1 (€, )s 1z (6)): (14)
Uy (V) = max(a}., Wy, (V)), (15)
e (V) = max (1, (V). (16)

where i, (e, ), ty(e,) and x,(0) are the membership degree
of the three fuzzy inputs of the FDTC [21]. The largest of
the maximum (LOM) method is used for the defuzzifica-
tion method chosen to give the numerical value of the out-
put membership functions. The block diagram of the FLC
is given by Fig. 8.

The results presented in Figs. 9 and 10 demonstrate the
high efficiency of the 2L-FDTC control structure ahead of
3L-CDTC.

An improvement of torque/flux ripples is observed
using the 3L-CDTC compared to the 2L-CDTC with 41.6%
and 47.5% respectively. While the improvement obtained
by the 2L-FDTC reached 85.71% for the electromagnetic
torque and 66.6% for the rotor flux. It can also be seen that
the system response is faster with a 2L-FDTC control.

Considering the comparison results between 3L-CDTC
and 2L-FDTC, the 2L-FDPC is adopted for the control of
the GSC.

Table 2 Fuzzy inference basis of FDTC

Sectors
% Crm 0, 0, 0, 0, 0, 0,
P £ Yy Y, Vs Ve Y
poz 4 Y, v, Y, Vs Vs
N Vs Y v, v, v, Vi
P Vi Y, Vs Ve Vi v
N Z v, v, Vv, v, v, v,
N Vs Ve V Y, Vs Y,
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Fig. 10 Electromagnetic torque response

4 DPC control of GSC

The DPC applied to the GSC allows direct and instan-
taneous control of active/reactive exchanged powers
between the generator's rotor and the AC grid [29]. Using
hysteresis comparators, the errors between the refer-
ences and measured values of the active/reactive pow-
ers were digitalized, as well as the grid voltage angular
location, are used to determine the optimal voltage vec-
tors. Controlling the DC-link voltage with a PI controller
provides the active power reference, setting the reference
reactive power to zero results in the unit power factor.

According to Eq. (17), the active/reactive powers may be
determined from the grid voltage and current [30, 31]:

P=V,i +

i
ey, (17)
Q = VGalﬁ - VGﬁla
The knowledge of the grid voltage vector position is
required for the selection of adequate switching states.
It is determined using Eq. (18):

y
0 =tan"' £ (18)

Ga

Equation (19) is used to compute the sector position:

(n—z)%sa,, S(n—l)%; n=12,.,12. (19)

Table 3 illustrates the optimal voltage vector selection
based on the grid voltage vector location and the status of
the active/reactive powers hysteresis controllers.

4.1 Fuzzy DPC for GSC

By eliminating the hysteresis controllers, the fuzzy DPC
aims to minimize the active/reactive powers ripples that
exist in two-level DPC [29].

As in the conventional DPC switching table, the active/
reactive powers errors and the voltage vector position,
constitute the fuzzy inputs. The powers are characterized
by two membership functions:

* P: when the power reference is greater than the esti-

mated value;

* N: when the estimated power is higher than the ref-

erence one.

The grid voltage angular position is divided into
12 fuzzy sectors (Fig. 11).

The defuzzification is obtained by the LOM method
in order to guarantee a binary type output. Therefore, the
fuzzy output is determined from 48 fuzzy rules, as is indi-
cated in Table 4.

As in FDTC, the control rules in the FDPC are given by
the Mamdani Min-Max method. The output voltage vector
is determined according to Egs. (20) to (22):

Table 3 DPC switching table [30]
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Fig. 11 Membership functions of the GSC-DPC fuzzy inputs; (a) Fuzzy
membership functions of GSC active power; (b) Fuzzy membership
functions of GSC reactive power; (c) Fuzzy membership functions of
grid voltage angular position

Table 4 Fuzzy DPC switching table [31]

G € N M B N Vs Ve B N Ve e N Ty
y Pnononn v Ve v e Ve W
NV Yy VYV Ve VeV
P P V7 V7 VU VO V7 I/7 V() VU V7 V7 Vl) [/0
NV YLy VYV
a,,:min(uXi(eP), Hy (e)s ,uZ,,(;/)), (20)
y,,i(V):max(ai,uVi(V)), 21)
48 )
oo (V) = max (1 (V) 22)
i

where u, (e,), u,,(e Q) and u,(y) are the membership degree
of the three fuzzy inputs of the FDPC [21].
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5 Simulation results

A MATLAB/Simulink simulation has been performed to
test the efficiency of the suggested control. Tables Al and
A2 in Appendix show the parameters used for the studied
system [32]. The variable wind speed displayed in Fig. 12
has been carefully fixed to run the DFIG in all operating
modes (sub-synchronous, synchronous and super-synchro-
nous) and the MPPT region.

Figs. 13 to 17 show respectively the evolution of the
rotor flux, electromagnetic torque, DC-link voltage and
GSC active/reactive powers, for the two controllers (2L-
CDC and 2L-FDC).

By analyzing the results obtained after zooming, we can
see that the 2L-FDC control structure has better performances;
where, the ripples have been considerably minimized com-
pared to the 2L-CDC structure, 75% for the torque, 65% for
the rotor flux. In addition, 52% and 50% of improvement are
observed for the GSC active and reactive powers.

The DC-link voltage response tracks its reference value of
660V for both control strategies. When the 2L-FDC structure
is implemented, reaches its reference with small overshoot.

8.5 T T T T T T

V_(m/s)

6.5 . . . . . . .
0 2 4 6 8 10 12 14 16
Time(s)
Fig. 12 Wind speed profile
1.5 T T T T T
1 - .
0.5 1
Q
‘S‘- 0 - .
051 1
1F 1
15 . ‘ ‘ . s
-1.5 -1 -0.5 0 0.5 1 1.5
¢

Fig. 13 Rotor flux with zoom
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Fig. 14 Electromagnetic torque response with its zoom
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Fig. 15 DC-link voltage with its reference

Figs. 18 to 23 show the results obtained with the 2L-FDC
control strategy. The DFIG operating modes can be found
thanks to its slip which is represented by Fig. 18; it's posi-
tive in sub-synchronous mode, zero in synchronous mode
and negative in super-synchronous operation mode. The
DFIG reference speed is obtained from the MPPT algo-
rithm. The speed ratio and power coefficient are at their
optimal values (Fig. 19).

The stator current waveform is shown in Fig. 21.
Since the stator is connected directly to the grid, the
stator current frequency is always equal to the grid fre-
quency. On the opposite, the rotor current frequency var-
ies according to the slip since the stator frequency is kept
constant (Fig. 22).
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Fig. 16 Waveform of active power delivered by the GSC with its zoom
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Fig. 17 Waveform of reactive power delivered by the GSC with its zoom

The active stator/rotor powers are depicted in Fig. 23.
The stator active power always remains negative during
the three operation modes, the DFIG supplies active power
to grid through the stator.

The rotor and the grid exchange active power in both
directions. During the sub-synchronous mode, the rotor
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Fig. 23 Waveforms of stator and rotor active power

active power is positive; then the grid that supplies the DFIG
rotor. An improvement of the grid current THD of 63%
is observed during operation in Super-synchronous mode
when the GSC is controlled using the proposed fuzzy DPC
compared to the conventional DPC, as shown in Fig. 20.
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Appendix
Table A1 DFIG parameters [32] Table A2 Wind turbine parameters [32]

Parameter Value Parameter Value
Rated power (kW) 7.5 Rated power (kW) 7.5
Stator resistor () 1.06 Blade radius (m) 3.24
Rotor resistor (Q) 0.8 Gear box 5.065
Stotor inductance (H) 0.093
Rotor inductance (H) 0.081
Mutuel inductance (H) 0.0664
Pairs poles number 3

Inertia moment (kg m?) 0.075
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